Introduction
Nanostructured materials exhibit size and shape dependent properties and have potential applications in various fields, such as materials science, biomedical science, electronics, optics, magnetism, energy storage, electrochemistry and so on [1] [2] [3] . In the past decades, many methods have been developed to synthesize nanostructured materials with controlled size, shape, dimensionality and structure [4, 5] . Among the strategies to different nanostructures from lithographic techniques to chemical methods [6, 7] , the template method is known as a useful route to prepare porous organic polymers and various inorganic nanomaterials with different morphologies [8, 9] , such as spherical particles, hollow nanostructures, one-dimensional (1-D) nanowires, nanorods and nanotubes, and two-dimensional (2-D) ordered arrays. It is obvious that the most attractive feature of template-directed synthesis is its versatility for the transfer of structures from templates to desired materials.
The template synthesis was firstly explored by Martin [10, 11] . He introduced membrane-based syntheses, by which the desired materials were prepared within the pores of a nanoporous membrane called 'template'. The templates are divided into hard templates and soft templates. Hard templates usually include silica [12] , anodic aluminum oxide [13] [14] [15] and mesoporous carbon [16] [17] [18] [19] [20] . The soft templates have received more attention over the last decade for the generation of nanostructured materials [21, 22] , because they are more versatile and therefore more advantageous than hard templates. The soft templates are composed of soft compounds such as biomolecules [23] , polymer gels [24, 25] , block-copolymers [26, 27] , fibers [28] and emulsions [29, 30] . The lyotropic liquid crystal (LLC), whose lattice constants range from several nanometers to tens nanometers, may become perfect template candidate for designing novel materials.
LLC templates, including lamellar, hexagonal and cubic phases, have remarkable effects on controlling the structure and morphology of desired nanomaterials. LLC confines the reactants in the limited dimension; and the structures of long-chain order affect the nucleation and growth processes of the products, which could be applied to control the synthesis of the nanomaterials with desired morphologies. The LLC templates, as now referred to, confine the structure of nanomaterials mainly depending on the interaction between the inorganic ions and surfactants within the template. So the final morphology and morphology depended properties of the desired materials can be controlled just by changing the composition and concentration of LLC. Herein, we provide an overview of the LLC directed synthesis of inorganic nanostructures. First, a brief description is given of LC and the synthesis of porous nanostructures using LLC as templates. Then the LLC directed synthesis of other kinds of nanostructures is reviewed, such as 1-D nanowires, rods, tubes and 2-D nanoplates. Finally, a conclusion and outlook on this subject are given.
Liquid crystals (LCs)
LCs have been widely used in displays, sensors, drug delivery vehicles, photonic band gap structures, as well as in optical elements such as controllable lenses and lasers [31, 32] . LC is anisotropic fluid, combining the flow property of ordinary liquid with the anisotropic physical parameters of crystals. They represent thermodynamically stable phases situated between the ordinary isotropic liquid and anisotropic crystalline solid, differing in their degree of order. LC phase exists between the conventional crystal phase and liquid phase, which is considered a fourth state of matter following solid, liquid and gas. It can be divided into thermotropic liquid crystal (TLC) and LLC according to the composition and formation condition. TLCs are usually formed in one compound; they exhibit different phases as a function of temperature and are used in displays. The LLC phases of surfactants show long-range periodicity with a typical period ranging from 2 to 15 nm and exhibit rich polymorphism of structures.
Because this review is limited to LLC-directed synthesis of nanostructured materials, the following discussion will be brief. It is known that in concentrated aqueous solution, the surfactant molecules aggregate into LLC phases instead of micelles. LLCs consist of water and amphiphilic molecules which include hydrophobic and hydrophilic blocks on the nanometer scale. LLC phases which form in the surfactant solution are highly sensitive to the solution conditions, including surfactant concentration, temperature, ionic strength, counterion polarizability, counterion charge and additives or co-surfactants. Some scientists have tried to control the size, shape and dimensionality of nanostructures by modulating the LLC phases [33] .
It is reported that LLC can be used as the perfect template for growing nanostructured materials. The advantage of the synthesis in LLC systems is that it is possible to produce the desired materials, whose nanostructures are casts of structures of the LLC phases, by exploiting the rich lyotropic polymorphism. On this basis, Mountziaris's group successfully synthesized 0-D, 1-D and 2-D semiconducting ZnSe nanostructures using cubic, hexagonal and lamellar LLC as templates, respectively [34] . The shape and size of the resulting nanostructures could be manipulated by selecting the templating phases of LC.
Although numerous excellent articles and reviews on the template synthesis have been published [35, 36] , the comprehensive reviews of LLC-directed synthesis are relatively few [37, 38] . In 2007, Hegmann et al gave a short overview of current research in LC nanoscience [39] . It highlighted the particular role of LC materials during the synthesis of nanostructures with uniform size and shape, the use of condensed LC phases for the assembly of nanoparticles, defect formation in LC-nanoparticles suspension and potential applications of colloidal LC suspensions. Most recently, Yamauchi and Kuroda have reviewed the synthesis and microstructure of mesoporous metals and described several advantages of the soft-template approach by comparing it with the hard-template approach [40] . However, systematic summaries of the LLC templating synthesis of nanostructured materials and the challenges and opportunities are still rare. Here, we summarize publications on LLC-directed synthesis of inorganic nanostructured materials in two main aspects: (i) porous nanostructures and (ii) other kinds of nanostructures (0-D nanoparticles, 1-D nanowires and ribbons and 2-D nanoplates). We focus on the preparation and formation mechanism and give a brief discussion at the end of each section.
Porous nanostructures
Among the diverse techniques of surfactant-assisted synthesis of mesoporous materials, direct templating of one LLC phase was proved a very versatile approach with many advantages. Considering these advantages, one might call these systems the 'second generation' of mesoporous materials [41] . The concept of true LLC template or nanocast [42] is currently widely used in the synthesis of porous media used in catalysis or adsorption areas. This process for the production of porous materials has remarkable characteristics. First, the as-obtained materials have uniform pore size and morphology. Second, the pore size can be adjusted by changing the composition of LC.
Silica-based mesoporous materials
Microporous and mesoporous inorganic materials have been widely used as catalysts and sorption media for their large surface areas. In 1990, Kato synthesized porous SiO 2 with controlled pore size by the reaction between the layered polysilicate kanemite and Cn-TMA surfactants [43] . Then in 1992, the preparation of ordered mesoporous silicates (MCM-41) based on the LC-template mechanism was reported [44] . The pore diameter could be varied by changing the chain length of the cationic surfactant. The diffraction and microscopy results were similar to those from the LLC phase reported by Ekwall [45, 46] , which was produced in surfactant-water mixture; these similarities implied the presence of LC template. In this LLC template mechanism (figure 1), the inorganic material occupies the continuous solvent (water) regions to create inorganic walls between the surfactant cylinders. The stable mesoporous molecular sieve is produced after removal of the organic template by calcination. Then the same group further explained the LC template mechanism in detail [47] . In order to support the LC template mechanism, it was demonstrated that the structures and pore dimensions of mesoporous materials were intimately linked to the properties of the surfactants, such as surfactant chain length and solution chemistry. There might be two possible mechanistic pathways for the formation of MCM-41. In the first case, the surfactants aggregated into rods which existed in a hexagonal arrangement in solution [48] . The silicate in the reaction mixture was then precipitated around these hexagonal micelle arrays to produce the inorganic structure. In another case, the silicate affected the formation of LC phase. The desired MCM-41 materials, obtained from the resultant silicate, would encase hexagonal structure in these two cases. LC template synthesis was widely applied to prepare a variety of mesoporous materials. In 1995, it was reported that each of the three LC phases exhibited by the nonionic surfactants could be used to direct the synthesis of silica with a nanostructure that was a direct cast of the supramolecular architecture of LLC [42] . Coleman and Attard reported the template synthesis of silica mesostructures with pore size of 3 nm from the ordered LC [49] . The previous synthesis used low surfactant concentrations and the template mechanism, which was thought a cooperative process involving the interaction of inorganic ions with discrete surfactant aggregates [50] [51] [52] [53] . Furthermore, it is suggested that the LC phases, not the micelle aggregates, directed the formation of the mesoporous materials due to the absence of regular mesostructures in materials prepared with low concentration of nonionic surfactants [54] . The preparation of mesoporous silica from LC template affords the remarkable advantages over the other routes. It allows precise control over the structure of the resulting inorganic solid due to the knowledge of LC structures. Since the hydrothermal process is not necessary for the preparation of mesoporous silicates, the phase behavior of reaction can be monitored at any time before polycondensation. More importantly, this approach allows the incorporation of aluminum into the framework.
In addition, many types of silica-based mesoporous materials have been successfully synthesized through the LLC templating process in polymers or oligomer surfactant systems [55] . Göltner et al described the preparation of mesoporous silica from LLC polymer templates [56] . These LLC templates can be used for the synthesis of a broader range of nanostructured solids than previously demonstrated.
It is anticipated that the synthesis of mesoscopically ordered sulfides and oxides other than silicates should also be possible.
Mesoporous metals and alloys
Beside the silica-based mesoporous materials, mesoporous metals and alloys hold promise for a wide range of potential applications. Controlling the structure of metals at mesoscale (2-50 nm) is crucial to improve their performance as the fuel cell electrodes, and it may also assist in the miniaturization of optical and electronic devices for data transmission, storage and computation [57] .
The synthesis of ordered mesoporous metals and their mesoporous composites still remains a challenge because metals have high surface energies that favor low surface areas. The mesoporous metals have advantages over the classical metal colloids with respect to the stability and handling. The high surface area is advantageous in catalytic applications. The combination of high surface area with tailed architecture, consisting of regular pores and a continuous electron conduction pathway, would be favorable in fuel cells, batteries or sensors. Traditionally, mesoporous metals have been produced by use of mesoporous silica as a hard template.
The generation of nanostructures using LLC mesophases is not only restricted to the silicate, but also suitable for the preparation of ordered, porous metal and alloy nanostructures. In 1997, Attard's group firstly reported that the mesoporous Pt could be produced by the chemical reduction of metal salts dissolved in the aqueous domains of a hexagonal LLC phase. In particular, they showed that the reduction of platinum salts in this system led to Pt whose nanostructure was a cast of LLC phase architecture. Such granular nanostructured metals could be directly used in catalysis, but they were of limited relevance for the electrochemical or sensor devices in which the metal was required as a thin film [58] .
The ability to predetermine the film's nanostructure through different LLC phases will provide new method to obtain the optimal nanostructures. The mesoporous Pt film with a controlled nanostructure can be easily electrodeposited from LLC plating mixtures. For the film, the geometric disposition of the channels is determined by the architecture of the LC phase, and the diameters of the pores are determined by the length of the alkyl chain of the surfactant used in the plating mixture. It is shown that the electrodeposition of metals from appropriate salts, dissolved in the aqueous domains of the LLC phases of nonionic surfactants, produces metal films with defined porous nanostructures, high specific surface areas, electrical connectivity, fast electrolyte, and good mechanical and electrochemical stability [42] . Moreover, Attard's group prepared a variety of nanostructured materials through this LC template method, including mesoporous tin films [59] , mesoporous Ni/Ni oxide [60] , nanostructured Pd/Pt films [61] , nanostructured Pt films [62] and mesoporous Pt/Ru alloy [63] . It is proved that electrodeposition of metals from the H 1 hexagonal phase of nonionic LLC phases can produce films containing regular arrays of uniform pores whose dimensions are determined by those of the micelles in the LLC phase. Bartlett and Simon extended this idea and demonstrated that they could electrochemically deposit the mesoporous films of two metals, one on top of the other, by which they produced a single nanostructure with the pores running continuously through the two metal layers [64] . Figure 2 is the schematic representation of the templating process. Firstly, the surfactant molecules assemble into the cylindrical micelles which pack into a hexagonal LLC phase, which is then applied to direct the electrodeposition of metal films. The metal salt and electrolyte are dissolved into the aqueous component of the mixture, and the metal nanoparticles begin to deposit from the electrode surface around the surfactant micelles. Once deposition is finished, the surfactant is removed by washing to leave the metal film with a regular hexagonal array of uniform pores. The thickness of the film could be directly controlled by the total charge passed.
Although the metals from some groups of elements are readily synthesized by this template method (such as groups 9 and 10), few successful attempts are reported for other groups (e.g. groups 11 and 12). In addition, only a limited number of surfactants were investigated. So it is important to find the guidelines for selecting the metal precursors, the surfactants and other free parameters (concentration, temperature and potential of electrodeposition, electrode material and geometry, etc) among the vast number of possible LC templating recipes. LC templating procedures for the metals from groups 11 (Cu, Ag, Au) and 12 (Zn, Cd), and other metals (Ni and Sn) were included for comparison [65] . Table 1 shows the investigated metal/surfactant combinations.
In summary, transmission electron microscopy (TEM) images showed that Cd, Ni, Sn and Cu had mesoporous structures, and the structures of Cd, Ni and Sn were stable, whereas in the case of Cu, the structure corroded and collapsed rapidly. In contrast, no evidence of mesostructures was found for Ag, Au and Zn. Au and Ag may tend to precipitate with some surfactants, and the interaction between the metal and the surfactant may be too weak to prevent displacement of the surfactant rods during film growth. Besides, Zn film without mesoporous structure could be obtained due to the fairly high formation rate.
The particular templating mixtures, in which a stable mesoporous metal film is formed, are summarized in table 1. The first condition is the formation of a regular LC phase. Despite the necessary formation of the regular LC phase, the process of the film growth and the lattice formation are also crucial. Lattice formation should be slow and controlled. The Zn film was not mesoporous because the phase separation occurred as a result of the fairly high formation rate. Third, the inorganic species must have a tendency to condense to the extended frameworks. For both Ag and Au, it might well be that their interactions with the surfactants were too weak to form the extended frameworks. Finally, the mesoporous structure had to retain after the surfactant removal. In order to prevent phase separation, the inorganic species must not form a stable crystalline phase with high lattice energy. In addition, in order to avoid the collapse during surfactant removal, the film formation must still result in a stable framework and the interaction between surfactant and framework must not be too strong. For the nonionic surfactants, the extraction process was the best way to remove the surfactant while preserving the mesoporous structure. Otherwise, the thickness of the walls between the pores and the redox chemistry of deposited metal were also important in preserving the mesoporous structure. If the metal was oxidized upon surfactant removal, the structure might collapse [54, 66] . Thus systematic knowledge is established about whether the metal, available in the formation of mesoporous electrodes for electrochemical and electroanalytical method, can be templated using LLC.
It is obvious that this approach creates a novel avenue for the production of mesoporous metals or related alloys. In principle, the LLC template method is applicable to a wide variety of metals through the electrochemical process because the approach involves just a simple replication of well-ordered LLC. Therefore, several additional examples have been reported for Ni/Co alloys [67] , 3-D nanoporous Pt film [68] , Co [69] , Pd [70] and Rh [71] . In a word, mesostructured metal is typically achieved by reducing a suitable precursor dissolved in the aqueous domain of LLC phase. Removal of the surfactant affords the material with a porous nanostructure, which is a direct cast of the architecture of LC phase in which it is formed.
Mesoporous semiconductors
Although the electrodeposition from LC phases is an efficient route to the adherent films of nanostructured metals, its use in the production of semiconducting films is not immediately obvious. The ability to electrodeposit semiconducting films with well-defined mesoporous architectures is of importance for understanding the fundamental physics of low dimensional structures and, potentially, for applications in sensors, optical devices and solar cells. Attard's group prepared highly ordered mesoporous materials, such as inorganic oxides and metals, using LLC phases of polyoxyethylene surfactants [42, [57] [58] [59] 62] . This novel approach to nanostructured semiconductors will provide the unique system in which the relationship between nanoarchitecture and quantum size effect could be explored. In 2001, they reported the electrodeposition of mesoporous Se film from the LC phase [72] . It is known that solid Se has four major allotropic modifications, a vitreous, two monoclinic and a hexagonal (so-called metallic) phase. The hexagonal Se is a semiconductor due to the ordered arrangement of Se chains facilitating electronic conduction. Beside careful control of electrodeposition conditions (e.g. temperature and current density) and careful selection of substrate material, the LC plating mixture also requires significant modifications, because the surfactant limits the temperature range and deposition potential as well as the composition and concentration of the components. The successful production of semiconducting Se films suggested that the LC template could be employed in the production of other elemental semiconductors (e.g. nanostructured Te films [73] ) as well as II-VI semiconductors (e.g. CdSe, CdTe films [74, 75] ) and related materials (e.g. PbSe). The pore diameters and the topology of the films can be controlled by adjusting the experimental parameters.
Another interesting work was preparation of mesoporous ZnS hollow microspheres [76] using double direct templating methods that combined the hexagonal LLC template with the colloidal template. The hexagonal LLC was applied as a soft template for the mesostructure and the colloidal template for the hollow morphology. On the basis of the experimental results, the formation process of mesoporous hollow ZnS microspheres is illustrated with figure 3. In the initial stage, upon mixing the reactants, a hexagonal LLC forms. This hexagonal phase plays dual roles including defining the formation of ZnS spatially and preventing aggregation of the colloids. The LLC directs the mineralization of ZnS on the surface of a silica or polystyrene colloidal template. Removal of the templates results in a periodically mesoporous ZnS hollow capsule. It is speculated that this approach for patterning the surface of a colloid in the nanometer scale might be a starting point for obtaining novel 'patchy' microspheres with interesting self-assembly. Since Attard's first introduction of the synthesis of mesoporous silica using the LC phase template, this approach has been applied to synthesize different mesoporous materials. LC phase was achieved using the lyotropic property of the oligo (ethylene oxide) in water and with a low concentration of the additives. For most of them, it was established that the metal salt concentration must be low to maintain the LC phase during further processing of the mixture. As an exception, Dag et al utilized a lyotropic lithium triflate-silicate liquid as a supramolecular template for a 'one-pot' synthesis of a novel ionically conducting nanocomposite material [77] . A new LC mesophase was discovered, that consisted of transition metal salt and nonionic surfactants or pluronics at high metal salt concentrations, which were different from the conventional surfactant LLC [78] . Afterwards, they investigated many new salts of binary systems of two different nonionic surfactants [79] and prepared the mesostructured CdS (meso-CdS) materials through the reaction between H 2 S and cadmium nitrate in C 12 EO 10 LLC system [80] . In addition, the effect of ions on the LC mesophase [81] and phase separation in LC mesophase [82] of different transition metal salt of surfactants was investigated. Recently, they discovered another LLC phase formed by the mixture of two surfactants with [Zn(H 2 O) 6 ](NO 3 ) 2 in the presence of a minimum concentration H 2 O [83] . Subsequently, the LC mesophases formed by transition metal salts and pluronic copolymer were applied as a template to produce mesostructured binary and ternary metal sulfide films [84] .
The LLC phases can be used as versatile nanoscale templates for the production of inorganic materials with high specific surface areas and uniform pore structures. The nanoarchitecture of the pores and pore dimensions can be precisely controlled through the suitable choice of surfactants with the hydrophobic additives as the swelling agents. In addition, the range of pore architectures accessible through the electrodeposition process is extensive and only limited by the LLC polymorphism of the chosen surfactant/water system. LLC template synthesis of mesostructured materials has attracted much attention over the past decade. Yamauchi et al reviewed recent developments in the preparation of mesoporous metals and related alloys. They discussed the evolution and microstructure of mesoporous metals from LLCs, as well as potential applications of mesoporous metals produced with LLC template [40] . In this review, beside the fabrication and formation process of mesoporous metals and alloys, the silica-based mesoporous materials and mesoporous semiconductor are also discussed in detail. The synthesis is more difficult for mesoporous metals/alloys and chalcogenides than for silicates. Silica-based oxides have been widely investigated, but there are only few reports on LLC-template synthesis of other mesoporous oxides.
In addition, the size and structure of the resulting materials can be easily controlled by choosing an appropriate template. The LLC templating synthesis of mesoporous materials is a real cast process, so the exploration of new LLC is of much importance for the preparation of new types of mesoporous inorganic materials. The compositions of currently used LLCs are relatively single, the large block copolymers might also be applied to design novel LLC mesophases with large mesopores. The novel LC mesophases developed by Dag et al, that consist of transition metal salts and non-ionic surfactants or pluronics, may be used in templating synthesis of new inorganic mesostructures, although only mesostructured binary and ternary metal sulfide films have been produced by this new kind of templates. Fabrication of novel nanostructures through developing new kinds of LLCs is still an interesting research field. 
Other nanostructures

Nanoparticles
Stabilized clusters and colloids of Pd with nanometer-scale dimensions are of particular interest as catalyst for organic and inorganic reactions [85] . In order to prevent aggregation and absorb the stabilizers on the nanoparticles, an alternative method for generating stabilized metal nanoparticles was established through synthesizing them in or on nanoporous supports. A new type of Pd nanoparticle composite was prepared by ion exchange in the hexagonal LLC phases and subsequent reduction. The resulting composite contained Pd particles with size ranging from 4 to 7 nm and exhibited high catalytic activity. Although this new template approach was initially demonstrated with Pd, the concept could be applied to other transition metals or lanthanides to produce the nanostructured metal ion composites and nanoparticles such as Cu 2+ and Zn 2+ nanostructured polymers and composites. The synthesis of metal sulfide and selenide quantum dots and their assembly into ordered structures have been widely studied due to their technologically importance. However, the emphasis in the past has been put on preparing nanocrystals with narrow size distributions, not superlattice structures. In the previous studies, only oblong or cubic crystallites or mesoporous reticulated structures have been obtained in preformed LCs. Braun's group reported the first successful template synthesis of periodic nanostructured inorganic materials which copied directly the symmetry and dimensionality of the organic precursor. As early as in 1996, Braun described the growth of stable semiconductor-organic superlattices based on CdS and CdSe templates in the LC phase from nonionic organic amphiphilic molecules, water and precursor ions for the inorganic semiconductor [86] . They attributed the superlattice morphology of nanocomposite to a templating effect of the hexagonal mesophase. Organic-inorganic composite materials have novel properties and structures significantly enhanced over those of either the inorganic or organic phase alone. It is anticipated that these materials can be tailored through the electronic properties of organic amphiphiles for photosynthetic and photocatalytic applications.
Subsequently, various nanoscale semiconducting superlattices including CdS, CdSe and ZnS have been generated by direct templating in LLC [87] . The semiconductor growth process copies the symmetries and characteristic dimensions of LLC by avoiding the growth of inorganic compositions within regularly spaced hydrophobic regions. The morphology of features in the nanostructured solids and their dimensions could be controlled through the amphiphilic molecular structure and water content in LC. When these materials including Ag 2 S, CuS, HgS and PbS grow in LLC, they do not contain any features commensurate with the symmetries and dimensions of the precursor LC. It is proposed that the interaction between the polar segments in template molecules and the
Topical Review precipitated inorganic compositions and precursor ions is necessary for direct templating. Mineralization in LLC results in the formation of previously unattainable CdS nanostructures. Growth of CdS was studied in three different LC phases [88] . Semiconductor growth in a hexagonal LC yielded a nanostructure with hexagonal symmetry, a lamellar LC yielded thin sheets, and a cubic LC (consisting of spherical micelles) yielded hollow spheres. All the three nanostructures appeared to be linked to the LC matrix in which they grow. The ability to define the structure of hard inorganic materials, such as a semiconductor with soft organic structures at room temperature, provides a new methodology for the formation of interesting nanostructures, which will produce new properties.
In addition, Bi [41] , β-FeOOH [89] , Ag [90] , PbS [41, 91] and BiOCl [92] nanoparticles have been successfully synthesized with this method.
1-D nanostructures
1-D nanostructures such as nanowires, nanorods and nanotubes are currently the focus of much attention because of their special properties compared with the 0-D quantum dots. It is quite noteworthy that a 'soft' LC phase could direct the formation of 1-D inorganic nanostructures.
The LC template synthesis of group IIB-VI semiconductor nanowires received much attention for the special properties of the products. Ordered ZnS nanowires with a diameter of about 5 nm were obtained using hexagonal LLC under γ -irradiation [93] . Most importantly, several close-packed nanowires aggregated to form the bundles which duplicated the hexagonal structure of close-packed inverted micelles formed by amphiphilic molecules. Besides, CdS nanowires [94] and uniform ZnS nanorods [95] were also successfully prepared using the LLC template method.
Yan's group demonstrated for the first time the fabrication of crystalline Ag nanowire arrays with a high aspect ratio by the electrodeposition from a reverse hexagonal LC phase containing 1-D aqueous channels [96] . It was proved that a high electric field during electrodeposition helped to form the reverse hexagonal LC phase, which was believed essential for the production of crystalline metal nanowires with high aspect ratio. Figure 4 illustrates possible improved alignment of LC phase during electrodeposition. This process combines the formation of a soft LC phase with electrodeposition, which is fast, reproducible, inexpensive and versatile for the fabrication of metal nanowire arrays with high density and large aspect ratio. In addition, the Ag ribbons consisting of close-packed Ag nanoparticles were prepared in lamellar LLCs [97] . Yan et al demonstrated that Cu 2 O nanowires (figures 5 and 6) with high aspect ratio could be readily electrodeposited from reverse hexagonal LLC phases. They also showed that the hexagonal LC with improved alignment played an important role in the formation of nanowires [98] .
A single cationic, anionic or nonionic surfactant was used as templating agent in most of the previous syntheses. Kijima's group reported the growth of AgBr and SnO 2 microwires using mixed surfactant nematic phases as a reaction medium for the first time [99] . The same group reported that the reduction of metal salts, confined to lyotropic mixed surfactant LCs, resulted in the first synthesis of Pt, Pd and Ag nanotubes of 6-7 nm outer diameter. The structure model for the precursory LC and formation mechanism are illustrated in figure 7 . The present Pt nanotubes are formed by a mixed surfactant templating mechanism. The rod like micelles in an aqueous medium are combined with much larger surfactant molecules to form an aqueous solution of the mixed surfactant cylindrical micelles as described above. On cooling the mixed micellar solution converts into a hexagonal LC. Finally, the Pt species confining to the aqueous region of the molecular assemblies, are reduced to platinum atoms. The mixed surfactant LC template method can be extended to the synthesis of a wide range of 1-D inorganic or organic materials [100] .
2-D nanostructures
Beside the successful synthesis of 1-D nanostructured materials [99, 100] , Kijima's group also prepared different Pt nanosheets in single or mixed surfactant LLC. In their report, growth of metal particles on the LLC, adsorbed at the solid/solution interface, would be greatly advantageous not only for elucidating the formation mechanism of metal nanotubes but also for producing unknown nanostructured metals. Early in 2005, they described a new methodology to fabricate single-crystalline Pt nanosheets by the chemical reduction of a Pt salt based on the interfacial directed growth of Pt metals within LLC at a graphite/solution interface [101] . Next, the nanogroove-network-structured single-crystalline Pt nanosheets were obtained by the reduction of Na 2 PtCl 6 confined to the mixed LLCs using NaBH 4 as the reductant. The nanosheets were composed of pseudo 2-D irregular Pt networks, in which Pt nanoleaves were loosely interconnected with crystallographic alignment to form an irregular network of nanogrooves [102] . Recently, Kijima et al synthesized nanohole-structured single-crystalline Pt nanosheets by the borohydride reduction of Na 2 PtCl 6 confined to the LLCs [103] . All these results suggest that the hexagonal LLCs consisting of triple-PEO-chain-based surfactant cylindrical micelles are available for the formation of Pt nanosheets with a 2-D nature. The present approach could be extended to prepare a wide range of novel nanostructures of noble metals using various LLC.
In addition to platinum, other noble metals were also reported. 2-D Au nanostructure is a typical example. The synthesis methods of 2-D Au nanostructure mainly include ultraviolet irradiation, photoreduction, microwave-polyol, and chemical reduction in aqueous solution. However, the yield is usually low and the size of the particles is small for these methods. As a comparison, the LLC template synthesis of 2-D Au nanoplates shows great advantages.
Chen's group established a new and simple method to prepare Au nano-and micro-plates from LLC [104] . Subsequently, they extended their research to obtain products of controllable shape and size [105] . Single-crystalline Au nano-and micro-plates with triangular or hexagonal shapes were synthesized by reducing HAuCl 4 in LLC with the addition of a small amount of capping agents. Figure 8 illustrates a possible mechanism for Au nanocrystal growth. First, the Au atoms and/or small clusters are formed in the LLC aqueous domain as the nascent crystal nuclei (I in figure 8 ). The CTAB (cetyl trimethylammonium bromide) molecules with adsorbed Au nuclei have to arrange side by side near the hydrophobic/hydrophilic interface (II in figure 8 ) because CTAB molecules cannot move freely in the solution phase due to the interdigitation of the alkyl chains in the hydrophobic PPO (poly(p-phenylene oxide)) cores inside the cylinders of LLC. The LLC structure directs the formation of Au nuclei in water domains resulting in a long-range ordered arrangement of the nuclei. Next, anisotropic growth proceeds from these nuclei. Although the Au products do not replicate the long-range ordered structure of hexagonal phase, the template effect indeed occurs at the first stage, which is important for the formation of flat product. Anyhow, the LLC phase provides an ideal reaction environment to control the shape of Au particles.
Afterwards, based on the previous study on Au nanoplates, more studies were conducted to better understand the templating and capping effects for synthesizing anisotropic Au nanocrystals. Chen et al fabricated both Au nanoplates with larger sizes and nanobelts in different LLC phases [106] . Also, Au nanoplates mixed with spherical nanoparticles were prepared in lecithin lamellar LCs containing non-ionic surfactants as reductant. The formation of a few nanoplates was attributed to the confinement of the ordered LLC structure and the adsorption of lecithin head-groups on the surfaces of Au particles, which was similar to the results of the hexagonal phase [107] . Recently, the same group also synthesized single-crystalline Au nanoplates in a lamellar LLC. The width of Au nanoplates can be varied from several hundreds nanometers to a few microns by adjusting reaction conditions [108] . The formation analysis indicated that the growth of Au nanoplates was confined in the lamellar structures of LLCs during the spontaneous self-aggregation and growth to large plates, which was found to be crucial to the formation of final plates. All these results suggest an effective way to produce anisotropic Au nanoplates as well as a clue to synthesize other anisotropic noble metal nanocrystals.
LLCs have been successfully used as templates for the synthesis of mesoporous materials, which are called 'true LLC templates'. Based on the summary of the LLC synthesis of 0-D nanoparticles, 1-D nanowires/nanotubes/nanobelts and 2-D nanostructured materials, it is obvious that the self-organized LC here formed the nanoreactors or directed medium. Here, the formation of the 0-D, 1-D or 2-D nanostructures is mainly due to the confining effect of the LLC mesophases but not a 'true LLC template'. The morphology of resulting inorganic products is greatly influenced by the geometric properties of the nanoreactors. It is possible to adjust the size, shape and dimensionality of these reactors by controlling the LC phase. Consequently, the size and shape of the inorganic nanoparticles grown inside them can be controlled. For example, the lamellar LC, which had at least one dimension on the nanometer scale, would be applied as an ideal microenvironment for the synthesis of 1-D nanobelts. However, such synthesis is accidental, and the morphology and size of the resultant materials is often unpredictable.
Summary and outlook
The LLC template syntheses of nanomaterials exhibit many incomparable advantages over other methods. A rich variety of nanostructured materials, such as porous oxide, metal/alloy and other 0-D, 1-D, 2-D materials, can now be rationally designed.
In section 3, we overviewed the LLC-template synthesis of mesoporous inorganic materials, including silica-based mesoporous materials, mesoporous metals and alloys and some mesoporous semiconductors. The syntheses of mesoporous metals/alloys and chalcogenides is more difficult than of silicates, but is has been elucidated. There are only few reports on LLC-template synthesis of other mesoporous oxides. Probably other oxide nanomaterials are not as stable as silica-based mesoporous materials. Crystalline oxides might be more susceptible to hydrolysis, redox reactions or phase transformations accompanied with thermal breakdown of the structural integrity, which makes it much more difficult to remove the templates and create porous structures. The other crystalline oxides are chemically, thermally and mechanically more robust. This obstacle may be overcome in the coming years by continued research effort in this rapidly developing field. In addition, the size and structure of the resulting materials can be easily controlled by simply choosing the appropriate template. So the exploration of new LLCs is of much importance for the preparation of new type of mesoporous inorganic materials. The compositions of currently used LLC are relatively single; the large block copolymers may also be used to design novel LLC mesophases with large mesopores.
LLCs have been successfully used as true templates for the synthesis of mesoporous structures with a uniform pore size and shape. As summarized in section 4, LLCs have also been used for the synthesis of 0-D nanoparticles, 1-D nanowires/nanotubes/nanobelts and 2-D nanostructured materials. The LLC phase itself has an increasing use as a nanoreactor or directing agent for the syntheses of nanomaterials with uniform size and shape.
With great progresses being made in LLC-directed synthesis of nanostructured inorganic materials, there are fascinating new opportunities for inorganic and materials chemists, who should remain very active in this field.
